A total of 44 bacterial species subdivided into 10 trial experiments have been used as prey for the recovery of bdellovibrios from samples of water from a brackish tidal pond and an aquarium saltwater tank. In an initial investigation, the recovery efficiency of each of the test bacterial species was compared with that of a designated standard prey, Vibrio parahaemolyticus P-S. The results revealed that in each case strain P-5 yielded an equal or significantly greater number of plaques of bdellovibrios than the test prey with but a single exception, strain CS5. In repeat experiments, CS5 yielded fewer plaques than P-5. To determine whether the use of multiple bacterial species compared with a single species as prey would increase the number of PFU of bdellovibrios recovered, material from plaques appearing on each of the test prey in the respective trials was sequentially subcultured onto two respective agar plates, the first containing as prey V. parahaemolyticus P-5 and the second containing the initial test organism. In nearly every case, subculture of plaques from lawns of the test prey to P-5 resulted in plaque formation. On the basis of the results, the use of several test prey and P-5 did not result in the recovery of any more bdellovibrio PFU than the use of P-5 alone. In this study, V. parahaemolyticus P-S was observed to be the most efficient prey for the recovery of bdellovibrios from moderate salt water.
Bdellovibrios are obligate predatory bacteria, widely distributed in nature. The ecology of these unique bacterial predators has not been adequately investigated, and many gaps remain in the base of knowledge needed to understand the interactions of these unique predators with their environment and the other bacteria in it. In many cases, the design of ecological studies and the questions posed in such investigations are dependent on the ability to accurately monitor the number of predators in the natural environment. However, quantitative determination of bdellovibrios is difficult, in part because an appropriate amenable prey bacterium is required for recovery and is an essential component of the growth medium. There is no evidence that there is a single universal prey upon which all bdellovibrios may be quantitated. The use of a single prey bacterium may recover only a selected fraction of the predators present, resulting in inaccurate quantitations. This is supported by reports that bdellovibrios have been observed to exhibit some degree of prey specificity among various species of gram-negative bacteria (1-3, 5, 6, 13, 15) . Even among species of susceptible bacteria, differences in quantitation efficiency have been observed in this laboratory. In one report (4) , the isolation of the maximal number of terrestrial bdellovibrios from soil required the use of three different prey bacteria. Most studies involved with the quantitation of halophilic bdellovibrios have used only a single bacterial species as prey. The proportion of predators actually being detected by using a single prey bacterium has not been determined and may vary, depending on the prey species used. Although Vibrio parahaemolyticus has been most frequently used in the recovery of halophilic bdellovibrios (12, 16, (20) (21) (22) (23) , adequate justification for its use has not been reported. For example, there has not been a published report comparing the recovery efficiency of V. parahaemolyticus with those of other bacteria for the halophilic bdellovibrios.
Hence, an important factor for the maximum recovery of bdellovibrios from natural environments is the selection of the most appropriate prey bacterium (18) . This study was designed to address this factor and the possibility that several different prey bacterial species may be required to optimize the recovery of bdellovibrios. The two primary objectives were (i) to compare the quantitative effectiveness of other bacterial prey species with that of V. parahaemolyticus and (ii) to determine whether the quantitation of halophilic bdellovibrios is improved by the use of multiple bacterial species.
MATERIALS AND METHODS
Bacterial strains used as prey organisms. Prey organisms used in experiments on the efficiency of quantitation of halophilic bdellovibrios included the following: V. parahaemolyticus P-5, obtained from David Johnson, Veterans Administration Hospital, Baltimore, Md.; 32 strains of aquatic bacteria obtained from the laboratories of Rita Colwell and Ronald Weiner, University of Maryland, College Park, Md.; and 10 randomly selected strains of bacteria isolated either on estuarine agar (EA) or thiosulfate citrate bile salts sucrose agar (TCBS) (Oxoid, Ltd., Basingstoke, Honto, England) from water samples collected, respectively, from either a tidal pond or an aquarium tank. The 10 randomly selected colonies, 5 isolated on EA and 5 on TCBS, from plated water samples, were initially screened by the following tests: Gram stain reaction, oxidase test (SPOT test; Difco Laboratories, Detroit, Mich.), and the oxidation-reduction reaction (oxidation and fermentation glucose medium; Flow Laboratories, Inc., McLean, Va.). On the basis of the results of these tests, the isolated bacteria were inoculated into either the liter of distilled water. TCBS (8) has been shown to be effective in recovering species of the family Vibrionaceae.
Because the type of medium may have an influence on 100 plaque formation by bdellovibrios (16), two media were 100 compared in an initial experiment to detect any differences 100 in the plaquing efficiency on strain P-5. Polypeptone 20 100 (Pp20) medium consisted of 1 g of Polypeptone (BBL Micro-100 biology Systems, Cockeysville, Md.) and 18 g of agar to 1 liter of 70% seawater (22) . The seawater used in the prepa-100 ration of Pp20 medium and for the preparation of dilution 100 tubes used throughout this study was obtained from coastal 100 waters at Ocean City, Md., filtered through 0.8-,um filters, 100
and aged for at least 2 weeks. The other medium used was dilute Marbach peptone yeast extract (MPY/10), a medium prepared by using a basal salts solution instead of natural seawater and 0.05% peptone and 0.03% yeast extract (11) . Plaquing efficiency on Pp2O and MPY/10. A water sample 100 collected from a tidal pond was plated on 10 plates each of 100 Pp2O and MPY/10, using the double-agar overlay technique 100 as described below. V. parahaemolyticus was the host 100 organism used in this experiment. To determine the significance of differences in the number of bdellovibrio PFU recovered on each medium, the data were analyzed by using the chi-square test.
Experimental protocol. (i) Plaquing efficiencies of various 25 bacterial species. Forty-four bacterial species were tested for efficiencies at recovering bdellovibrios from environmental water samples. The bacteria tested were too numerous to be included in a single experiment; therefore, tests were conducted in trials which typically included five test organisms 100 and V. parahaemolyticus, the reference organism. Each trial 100 was conducted as described below.
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Water samples were collected either from a tidal pond 100 located on the grounds of the University of Maryland Horn 100
Point Environmental Laboratory, Cambridge, Md., or from tank 20 at the National Aquarium in Baltimore, Md. These two different environments were selected because they 19°m ight represent habitats of distinctive bdellovibrio strains.
The water in both was brackish, with a salinity between 6.5
Continued and 13.1%o in the pond and between 16.0 and 19.0,o,o in the VOL. 56, 1990 aquarium tank. Samples were collected by submerging a sterile container to a depth of 1 m or less. Upon removal from the water, the container was immediately closed, placed in a cooler, transported to the microbiology laboratory at the University of Maryland Dental School, and processed within 2 h of collection. In the laboratory, 10 replicate water samples were cultured on Pp2O medium for bdellovibrios by using the double-agar overlay technique (21) . A 5-ml portion of each sample was added to tubes containing 3.3 ml of molten Pp2O top agar and 0.7 ml of the bacterial prey suspension, for a final agar concentration of 0.65%. The contents of the tubes were gently mixed and overlaid onto Pp2O bottom agar in petri dishes (150 by 15 mm). After the top agar had solidified, the plates were incubated in a humidified chamber at 25°C. The plates were examined daily for 1 week for the presence of bdellovibriolike plaques. Randomly selected plaques were examined by phase-contrast microscopy to confirm the presence of small, highly motile cells characteristic of the genus Bdellovibrio (22) . Plaques were quantitated after 7 days, and the ratio of the quantitation efficiency of each test prey to that of P-5 (ratio of the mean bdellovibrio PFU on test prey to the mean bdellovibrio PFU on strain P-5 within the same trial) was calculated. In addition, the average quantitation efficiency ratios of vibrios, nonvibrios, TCBS isolates, and EA isolates to that of strain P-5 (ratio of the total individual quantitation efficiencies of species within each group to the total number of representatives within that group) were calculated and plotted.
To determine significant differences in the number of PFU recovered on each prey species, the data in each trial were analyzed by a one-way analysis of variance test. The analysis of variance test was also used to determine significant differences in the number of PFU recovered in respective experiments comparing, as bdellovibrio prey, vibrio species with nonvibrio species and TCBS isolates with EA isolates. When significant differences resulted within a trial, the Duncan multiple-range test was used to determine the specific organisms in which the differences occurred.
(ii) Plaque transfer assay. Following the quantitation of bdellovibrio PFU obtained by using various test prey, it was of interest to know whether the bdellovibrios which produced plaques on each of the test organisms also formed plaques on lawns of P-5. To determine this, material from plaques observed on lawns of each of the test prey bacteria was subcultured on Pp2O medium containing strain P-5. The procedure was as follows. For each test prey bacterium, 10 bdellovibrio plaques (where present) were randomly selected, because it was felt that this number would yield a representative sample. Material obtained from each plaque was sequentially transferred, by using a sterile cotton-tipped applicator, into two tubes of molten and cooled (45°C) top agar (0.7%). To the first tube of top agar, a 0.7-ml suspension of strain P-5 was added. To the second tube, a 0.7-ml suspension of the homologous prey species was added. The contents of each of the tubes were mixed and overlaid onto bottom agar in petri dishes (100 by 15 mm). These plaque transfer plates were incubated, examined, and scored as described above. The appearance of plaques on lawns of both P-5 and the homologous prey indicated that the bdellovibrios which produced plaques on the original test prey lawns also yielded plaques on the P-5 lawn. This was recorded as a positive reaction. A negative reaction was indicated by the absence of plaques on the P-5 lawn coupled with the appearance of plaques on the homologous prey, indicating that these plaques may not have been observed on the original plates of P-5. The failure of plaques to form on cultures of either P-5 or the homologous prey organism was indicative of an unsuccessful transfer attempt.
RESULTS
The probable identification of EA and TCBS isolates as determined by either the API 20E or API Rapid NFT System appears in Tables 1 and 2. There was no statistical difference between Pp20 and MPY/10 media in the quantitation of halophilic bdellovibrios in samples of pond water when V. parahaemolyticus P-S was used as prey. This finding confirmed results from similar experiments previously conducted by one of the authors with bdellovibrio isolates cultured in the laboratory. Subsequently, Pp2O was used exclusively in all experiments.
Bdellovibrios that lysed V. parahaemolyticus P-5 were recovered from all water samples. Round, clear plaques having sharp boundaries, whose appearance was not observed until 48 h or more after plating, contained small (0.3 by 1.0 p.m), curved, rod-shaped cells typical of bdellovibrios. Plaques containing a center colony and plaques morphologically dissimilar to bdellovibrio plaques and containing bacteria not resembling bdellovibrios were not counted. For each trial, the average number of bdellovibrio PFU recovered on each of the various prey and the results of the plaque transfers to P-5 lawns are shown in Tables 1 and 2. In 83 of 84 instances, strain P-5 yielded a significantly (P < 0.05) greater number of bdellovibrio PFU than the other test prey organisms. In aquarium trial 7 (Table 1) , the test prey CS5 yielded significantly (P < 0.05) more plaques than did P-5. Subsequently, CS5 was tested in two additional trials (aquarium trials 9 and 10). In each of these two trials, CS5 had a quantitation efficiency approximately one-half that of P-5.
The transfer of bdellovibrio plaque material from the lawns of each of the test prey to P-5 lawns revealed that 97% of plaques on the test bacteria produced clearings on lawns of P-5. However, only two of eight plaques from test prey CS5 in aquarium trial 7 were able to produce clearings on lawns of P-5. This may suggest that many of the plaques observed on CS5 were produced by a bdellovibrio strain(s) not detected on strain P-5. V. parahaemolyticus P-5 was apparently not susceptible to this bdellovibrio strain(s). The results of the plaque transfer procedure from the two repeated trials with CS5 yielded 9 of 10 and 10 of 10 positive transfer reactions. In these trials, it appears that strain P-5 was susceptible to the same bdellovibrio isolate(s) as detected on the original plate of CS5.
The quantitation efficiency of each prey organism compared with that of P-5 is shown in Fig. 1 and 2 . Mean quantitation efficiencies of the bacterial groups are shown in Fig. 3 . As a group, the Vibrio species had quantitation efficiencies two to three times greater than those of nonvibrio species. Environmental isolates from TCBS (selective for vibrios) also had significantly (P < 0.05) higher quantitation efficiencies than environmental isolates from EA (nonselective). It must be noted, however, that there were several exceptions in which nonvibrio species were observed to have quantitation efficiencies as great as or greater than those of several Vibrio species. 
DISCUSSION
To investigate the efficiencies of various bacterial species as prey for the recovery of bdellovibrios, water samples were collected from two different brackish-water environments, an aquarium tank and a tidal pond. By using the double-agar overlay technique, the water samples were plated on lawns of each of 44 different bacteria, including a reference organism with which these test prey bacteria were compared. The results of this investigation revealed that although most (74 to 84%) of the 43 test bacterial species used yielded bdellovibrio plaques, not all were equally efficient in the quantitative recovery of the predators present in the water samples. The bacterial species yielding the most bdellovibrio plaques was V. parahaemolyticus P-5, the reference organism against which the other bacteria were compared.
With only one exception, V. parahaemolyticus P-S allowed the formation of significantly greater numbers of plaques than did the other bacterial species tested. The organism that yielded greater numbers of plaques than P-5 in the one trial using aquarium tank water as the bdellovibrio source failed to do so in repeated trials. It is not known whether this one exception represented an abberration or the presence of a bdellovibrio strain with a higher plaquing efficiency with strain CS5 than with P-5. Such a bdellovibrio strain could have been present in the first water sample plated but absent in the two subsequent samples processed at 2 and 3 weeks following the initial trial. Such a shift in population could be brought about by normal maintenance procedures utilized in the upkeep of the aquarium tank (filter changes, additions or subtractions to the tank community, 25% water changes performed at periodic intervals, etc.).
After the observation that bdellovibrio plaques developed on most of the test bacteria used in this study, the next step was to determine whether the bdellovibrio producing plaques on lawns of the test bacteria would also produce plaques on the P-5 prey. Ninety-seven percent of bdellovibrio plaque material from the test prey bacteria produced plaques on lawns of strain P-5, suggesting that bdellovibrio isolates visualized as plaques on the original lawns of the test bacteria would also have been enumerated on P-5.
On the basis of these results, the use of multiple bacterial species as prey in each trial did not result in the recovery of a greater number of halophilic bdellovibrio PFU than the use of V. parahaemolyticus alone and was not of any advantage, with the possible exception of one of three trials in which CS5 was tested. This conclusion is in contrast to that of a report by Corberi and Solaro (4) , in which several prey species were required to maximize the quantitative recovery of terrestrial bdellovibrios.
Examination of the data early in this study indicated that more plaques developed on lawns of Vibrio species than on those of the other bacteria. To further investigate this observation, the study was expanded to include more Vibrio species. Statistical analyses of the number of bdellovibrio PFU recovered on Vibrio species compared with those for all other test prey bacteria included in the study revealed that significantly more plaques occurred on lawns of the Vibrio species. These results suggest that Vibrio species may be more susceptible to naturally occurring halophilic bdello- The results of the studies repo investigators (11, 16) suggest that r terial species which occur in natura water environments are susceptibl brios. Reports of laboratory stu( bdellovibrios require a high conce order to survive (7, 18) . These re view that the number of susceptibl( ment is insufficient to support t] tremendous impact on interest in ibrios. The number of prey availab ment is greatly increased if the predators are capable of preying on many different species, as opposed to a single or few species. When it is considered that bdellovibrios have a broad prey range and that the organisms maintain a constant presence in the estuarine environment, subject to seasonal variation, the number of prey organisms in the environment may indeed be sufficient to support these predatory organisms. This being the case, it is logical that as bdellovibrios utilize prey cells, they may exercise some degree of control on the population of susceptible bacteria. Although V. parahaemolyticus has been most often used in the quantitation and recovery of bdellovibrios from saltwater and brackish-water environments, this is the first time that justification of its use instead of the use of other organisms has been documented in the literature. From two different moderate saltwater environments, V. parahaemolyticus was the most efficient prey for the recovery of estuarine bdellovibrios. Why V. parahaemolyticus P-5 is more effective than other species as a prey useful for enumeration is unknown at this time, and the answer to this question was beyond the scope of this investigation. Several groups of investigators (9, 17) , however, have implicated the R antigen of the lipopolysaccharide layer of gram-negative bacterial cell walls as the component necessary for specific interaction with bdellovibrios. It is possible that the R antigen in some species of I gram-negative bacteria is made inaccessible to bdellovibrios <s .0 .c ; 2 ; eby variable polysaccharide chains on the surface of the cell > > DcI o wall (O antigen) (10, 17) . If so, the R antigen of V. parahaez c , molyticus P-S may simply be more accessible to the preda-Z E tor, allowing for more efficient interaction between the two C < I -microorganisms. This being the case, the effectiveness of c prey bacteria in the enumeration of bdellovibrios may be not 31 Group only a species-specific but also a strain-specific phenomequantitation efficiencies of non, dependent on the characteristics of the 0 antigen of the BS isolates, and EA isolates prey strain. However, evidence to support this is inconcluvater samples. V. parahae-sive. Miyamoto and Kuroda (12) demonstrated that a single reference organism. strain of bdellovibrio parasitized 17 strains of V. parahaemolyticus to approximately the same degree. In contrast, it tcteria. Further examina-has been observed that V. parahaemolyticus P-5 yielded up io species and bdellovi-to 10 times more bdellovibrio plaques from estuarine water xropcluding anstudy b of the samples than did V. parahaemolyticus P-15 (D. R. Desai, cluding a studyof the M.S. thesis, University of Maryland, Baltimore, 1986). Ofthe two organisms in Further investigation into the factors which influence the year. efficiency of predation by bdellovibrios is warranted.
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